that differ from the rest of the individuals. This is a division based on the characters of the individuals. Then there are also different ways to group individuals based on their geographical distribution, e.g. community, population.
Genus
Genus is the principal rank in the nomenclatural hierarchy closest above species. In general, genera are defined with emphasis on several discontinuities in fundamental characters, especially the reproductive structures. Biological meaningful functions such as mode of nutrition have sometimes been used to group species into genera, but such criteria often fail to give a workable classification. This indicates that changes between pathogenicity, endophytism, mutualism or saprotrophism can occur relatively frequently as evolution proceeds and does not necessarily coincide with the formation of genera.
The genus Heterobasidion consists of polypores having perennial basidiocarps with cuticulate pilei and asperulate basidiospores, belonging to the family Bondarzewiaceae in the order of Aphyllophorales. The genus includes six distinct taxonomic species: H. annosum, H. araucariae, H. insulare, H. pahangense, H. perplexum and H. rutilantiforme. H. annosum is the most pathogenic species, with a distribution over most of the northern hemisphere, including Europe, North America and Russia. The fungus can infect and kill fully grown trees; its principal hosts are conifers. Recently, H. annosum has been suggested to be comprised of three separate species, H. annosum, H. parviporum and H. abietinum (Niemälä and Korhonen, 1998) , but several issues still remain to be clarified (see below). H. araucariae is very similar to H. annosum but has larger pores and larger basidiospores. It was separated from H. annosum on the basis of intersterility, ecology and geographical distribution (Buchanan, 1988) . It is a saprotrophic species that inhabits dead wood of Agathis and Araucaria species in eastern Australia, New Zealand, New Guinea and some islands in the Pacific Ocean. H. insulare has a reddish surface to the pileus and irpiocoid pores (Buchanan, 1988) . The fungus is a saprotroph on wood from Abies, Pinus and Picea and is distributed in southern and eastern Asia (Niemälä and Korhonen, 1998) . H. pahangense was found in Malaysia by Corner (1989) . It is characterized by large pores (2-4 mm −1 ) and it has ornamented spores (Stalpers 1996) . H. perplexum is pileate, the surface is ochraceous or pale brown and glabrous, its pores are 2-4 mm −1 and the spores measure 5-7 × 4-5 µm. It was found growing on Tsunga in Nepalese mountains (Ryvarden, 1989) . H. rutilantiforme has a glabrous and reddish-brown basidiocarp, and is a tropical American species (Ryvarden, 1985) . The pores are small (5-6 mm −1 ) and the spores are ornamented (4.5-5 × 2.5-3 µm).
Ideally, a genus should be defined as monophyletic, i.e. all member species should share a common ancestor, not common to other genera or species. Traditionally, this has been hard to achieve, since convergent evolution is very common among fungi. The macromorphological characters that served as the basis for early taxonomy have frequently proved to be the result of convergent evolution and, thus, resulted in many paraphyletic genera, and grouping together of unrelated taxa. The advent of PCR (polymerase chain reaction) and relatively easy access to DNA sequencing have helped in providing a range of molecular markers for taxonomic work. Among the most popular markers that yield useful variation at genus or species level are the ribosomal DNA genes and their spacers. Cladistic analysis of a large number of DNA sequence characters can be done using modern computers and software.
Internal transcribed spacer (ITS), intergenic spacer (IGS) and mitochondrial ribosomal markers agree that Heterobasidion is a well-defined genus, although the analysis has not been carried out for all the taxa (Harrington et al., 1998; Fig. 12 .1).
Species

Species concepts
The species concept has been, and still is, a subject for debate. Different definitions of a species are used for different purposes:
1. In the morphological species concept, a species is defined by a given set of common morphological features not shared by other groups. This view is not feasible in organisms which do not have many easily scored features. Furthermore, it does not take into account the difference in biology of the species. 2. In the phylogenetic species concept, a species is defined by its shared evolutionary history and descent from a common ancestor. 3. In the biological species concept, a species is defined as a group of actually or potentially interbreeding populations which is reproductively isolated from other such groups.
Ecological or geographical aspects are often used to help to define the life history traits and geographical boundaries of the distribution of a species. Sympatric species co-occur in the same geographical location but are normally separated by differences in choice of substrate or hosts, while allopatric species are separated by large geographical distances. Vicariant species are those with a limited geographic distribution and where other species with an overlapping niche can appear under similar circumstances in a different region.
In mycology, the morphological species concept has been used widely because of its historical association with botany. This has not always been reliable, although fungi have a high developmental plasticity and relatively simple fruiting structures (Brasier, 1983) . In closely related or sibling species, taxonomically useful morphological differences may be lacking (Brasier, 1987) or may develop only a long time after the initial speciation event (Kemp, 1977) . Therefore it is not surprising that mycologists find partially or totally reproductively isolated subgroups within morphospecies (Brasier, 1987) . In the biological species concept, the emphasis is on the biology of the species, especially on the actual or potential interbreeding of the populations and on its reproductive isolation from other such populations. Reproductive isolation can occur in several ways: (i) geographically, where populations are separated by barriers such as mountains or oceans; and (ii) ecologically, where populations are separated by different ecological niches, i.e. climate, living or non-living substrate, or host preferences for pathogens. The interbreeding population can be defined in terms of numerical size, geographic size and genetic structure. This will show the potential for gene flow between the individuals in the population. We will go through the data that are important for defining the functional unit and the species concept of H. annosum, with emphasis on the biology of the fungus, but also take into account the available morphological data.
Mating compatibility in Heterobasidion
Interbreeding can be limited in several ways -geographically, ecologically and genetically. Heterobasidion has been found all over the northern hemisphere. The fundamental geographic barrier is the Atlantic and Pacific oceans, separating the North American from the Euroasian continent. Beringia is the closest place between them, and the site where spore transfer would theoretically be possible. Another possible barrier would be high mountain ranges such as the Ural mountains, even though Heterobasidion spores have been shown to travel up to 320 km over open sea (Kallio, 1970) . One way to overcome these barriers is if spores are transported by a vector of any kind, most obviously wood or plants transported by man between the continents.
By using compatibility tests, three different intersterility groups were detected in H. annosum. The P-group, originally found on pine trees in Finland, comprised isolates compatible with each other but not with isolates from the S-group, which was isolated originally from spruce in Finland (Korhonen, 1978a) . A third group was subsequently found on Abies alba in Italy (Capretti et al., 1990) . In North America, a P-group and an S/F-group were detected (Chase and Ullrich, 1988) .
Interbreeding is limited by a genetic system controlling mating. H. annosum has a bipolar (unifactorial) mating system, where each spore from a basidiocarp represents either of two mating types (Korhonen, 1978b; Chase and Ullrich, 1983; Holt et al., 1983; Stenlid and Rayner, 1991) . The bipolar mating system is determined by a mating factor, a gene or a gene complex in one chromosome. Allelic differences in this/these loci result in different mating types (Raper, 1966) . The number of mating-type alleles is large in H. annosum, probably more than 100 types, although local populations may contain only 10-20 (Chase and Ullrich, 1983; Stenlid, 1985) . Isolates of the same mating type are incompatible, but they are compatible with isolates of a different mating type. Random pairings within a population are, in most cases, compatible.
In a mating between two homokaryotic mycelia, there are four possible outcomes:
1.
A compatible reaction showing a continuous mycelia when the homokaryons have the same genotype or are subcultures from the same mycelium. 2. A compatible reaction with changed colony morphology and the appearance of clamps, indicating that the isolates belong to the same breeding unit.
3. An incompatible reaction, resulting in a zone with sparse mycelial growth, when isolates from the same breeding unit but with the same mating type are paired.
4. An incompatible reaction, resulting in a zone of dense and usually pigmented mycelium, when isolates from different breeding units are paired.
When mating tests are carried out between heterokaryotic and homokaryotic isolates, the outcome is slightly different. A compatible reaction will give rise to a clearing zone and changed morphology, and will also lead to clamp formation in the homokaryotic isolate. If the isolates are incompatible, a clearing zone will arise, but a gap heterokaryon could be produced. This is called the Buller phenomena (Buller, 1931) . These new heterokaryons apparently arise from anastomoses between homokaryotic hyphae from each parent, or perhaps between homokaryotic and heterokaryotic hyphae. The outcome of such anastomoses is controlled by mating-type compatibility (Hansen et al., 1993b) .
Pairing among American P-isolates was compatible in 94% of the cases, and 95% of the pairing among European P-isolates was compatible (Harrington et al., 1989) , while pairings between homokaryotic American P-isolates and homokaryotic European P-isolates only resulted in 53% of dikaryons (Harrington et al., 1989) . In another study, European P-and North American P-isolates were compatible in ca. 95% of cases . When American fir isolates were paired with European S-type tester strains, 97% of the pairings lead to dikaryons (Harrington et al., 1989) . With sympatric populations of S-and F-types from central Europe, about 24% of the pairings were interfertile, while pairings between northern European S-isolates and southern European F-isolates were 72% interfertile (Korhonen et al., 1992) . Confrontations between European S and P homokaryotic isolates gave rise to a heterokaryon in 5% of the cases .
In 1990, Chase and Ullrich described a genetic system to explain the mating between and within intersterility groups in H. annosum (Chase and Ullrich, 1990a, b) . The system consists of at least five genes, called S, P, V1, V2 and V3, each with a + and a − allele. Two homokaryotic mycelia can mate if they both posses a + allele for at least one of the five genes. They cannot mate if all five combinations are +/− or −/−.
Intersterility determines the limits of an interbreeding population, whereas incompatibility regulates inbreeding and outbreeding within an interbreeding population.
Morphological differences in Heterobasidion
The different intersterility groups of H. annosum have very similar properties, they have a wide and overlapping distribution and, although they exhibit different preferences for host species, their host specialization is partly overlapping and not strict. Their morphological characteristics are also partly overlapping (e.g. spore and hymenial pore dimensions), making it not too easy to tell the different intersterility groups apart. The morphological differences within the three European intersterility groups were examined by Mugnai and Capretti (1989) , while differences between the S-and the P-group have been investigated several times (Korhonen, 1978a; Stenlid and Häggblom, 1985; Negrutskii et al., 1994) . The best diagnostic character is the length of the hair on the margin of the basidiocarp (Korhonen, 1978a; Mugnai and Capretti, 1989; Negrutskii et al., 1994) . The length of the hair in the intersterility group is: P, 20.9 ± 2.2 µm; S, 119.5 ± 8.0 µm; F, 54.8 ± 3.3 µm (Mugnai and Capretti, 1989) . The groups P and S are easily distinguished by the pore size: 8.0 ± 0.3 mm −2 and 13.4 ± 0.4 mm −2 , respectively (Korhonen, 1978a) , while there were no differences between the P-and the F-groups (Mugnai and Capretti, 1989) . This makes pore size a reliable diagnostic character to use for identification of the P-and S-groups in geographical areas were the F-group does not exist. The small differences in length and width of basidiospores and conidiospores make them useless for identification (Korhonen, 1978a; Stenlid and Häggblom, 1985; Mugnai and Capretti, 1989; Negrutskii et al., 1994) .
Differences in ecology and pathogenicity
The fungus has been reported from almost 150 woody plant species (Sinclair, 1964; Hodges, 1969; Laine, 1976) . It is spread over the whole temperate region of the northern hemisphere (Hodges, 1969) .
The P-type is pathogenic to mature Pinus as well as to other Pinaceae, other conifer and even hardwood species (Korhonen, 1978a; Worrall et al., 1983; Stenlid and Swedjemark, 1988; Harrington et al., 1989; Swedjemark and Stenlid, 1995) . Infection centres in pine stands are often associated with stump-top colonization (Slaughter and Parmeter, 1995) .
The S-type seems particularly specialized to Picea (Korhonen et al., 1992; Swedjemark and Stenlid, 1995) . Picea and Pinus have preformed resin canals in the xylem, which seem to be important in resistance to H. annosum (Gibbs, 1968) . Abies and Tsuga are frequently infected by the American S/F-type through wounds (Shaw et al., 1994) . The S-type is mainly restricted to Picea species, but can also attack small seedlings of other tree species (Korhonen, 1978a) . The S-type seems largely dependent on Picea stump tops for initiation of new infection centres (Stenlid, 1987) . Interestingly, Korhonen et al. (1997) recently reported that, in the Ural mountain region, the S-type infects Abies sibirica, indicating that in regions where the F-type is absent, the S-type might expand its ecological niche. Moreover, the geographical distribution of the intersterility groups suggests that a broad host range might be a basal character in the S/F complex.
Phylogeny of rDNA genes
The primary definition of intersterility groups (ISGs) is provided by in vitro mating compatibility tests. Now, molecular genetic analysis methods are available for genetic identification of the different intersterility groups (DeScenzo and Harrington, 1994; Karlsson, 1994; Stenlid et al., 1994; Kasuga, 1995; Wingfield et al., 1996) . Phylogenetic analyses using sequence data from the ITS region of the nuclear ribosomal DNA and the IGS region support a view of three major clades in the H. annosum complex: the American pine form, the European pine form and the fir form (Harrington et al., 1998) . The differences between the European and American P-clades are as large as the difference between either of them and the fir clade (Harrington et al., 1998) . These findings are also supported by random amplified polymorphic DNA (RAPD) data from Garbelotto et al. (1993) . Both the RAPD and the ISG data weakly support a separation of American and European isolates. No support is found from variation in the ribosomal genes for a separation of European S-isolates from F-isolates, even though they are clearly separated in mating tests and have different host preferences (Capretti et al., 1990) . The European S-and F-types can be distinguished by RAPD (Garbelotto et al., 1993; Stenlid et al., 1994; La Porta et al., 1997) and there are some differences in isoenzyme patterns Otrosina et al., 1993) . The North American S/F-type appears to be more related to the European S-type than to the F-type according to RAPD data (La .
From a functional point of view, it is interesting to note that when data from enzyme systems that have a putative selection value for the organisms are used, the separation into ISGs is more clear than when neutral markers are used. Karlsson and Stenlid (1991) reported that zymograms of pectinolytic enzymes clearly separated the European S-, F-, and P-groups as well as the North American S/F-and P-groups from each other. Laccases and saprotrophic wood degrading capacities differ among the European Sand P-groups (Daniel et al., 1998; Johansson et al., 1999) . Also phylogeny of the Mn-peroxidase gave a clear separation between the three European ISGs (P. Maijala, personal communication).
Splitting or Lumping?
Based on the morphological differences, Niemälä and Korhonen (1998) proposed a splitting of the European H. annosum and suggested new names for the three European intersterility groups; H. annosum for the P-group, H. parviporum for the S-group and H. abietinum for the F-group. What remains to be solved is the relationship between these three species and their North American counterparts. For example, should the North American S/F-group be named H. abietinum or H. parviporum? The ITS and IGS phylogeny clearly shows that the North American S/F-group has a long history, independent from its European relatives, while the morphology of the fruit bodies, although not fully examined, cannot be clearly separated from them (Hood, 1985) . The North American S/F-group is also highly compatible with both the S-and F-groups from Europe. Should we decide to give the North American S/F-group a separate name? Also, what about the relationships in the P-group? North American and European populations are very similar in pathogenicity and morphology, and also highly compatible, yet they have a long history of separate evolution as deduced from the ITS and IGS geneology. Naming fungi has perhaps become even harder now with all the conflicting data available to science.
Potential Interbreeding in Heterobasidion
To be able to interbreed, it is not enough to live in the same geographic area, potential candidates also have to occupy the same ecological niche. In H. annosum, this is a potential barrier since the different intersterility groups inhabit different host trees. However, a certain degree of overlap in host range does occur between the various intersterility groups. Furthermore, this barrier can be bypassed in the relatively new habitat with limited host defence made available through stumps created by forestry practices (Swedjemark and Stenlid, 1993) . On one occasion, a hybrid isolate was found with several characteristics of both a P-and an S-isolate (Garbelotto et al., 1996) .
Population
A prerequisite for meaningful population studies is that there is variation within the species under study. Variation among natural populations is the result of interplay of a number of different forces (Hartl and Clark, 1997) . Mutation is the ultimate origin of variation that is then spread in the population through natural selection or stochastic processes such as genetic drift. Natural selection favours mutations that lead to higher fitness, basically the probability of having viable offspring. Genetic drift is the process of randomly drawing subsamples of a population that will found the next generation. This will, with time, lead to the random exclusion of some genotypes, more rapidly so in a small population than in a large one. An outcrossing mating system in the species helps to homogenize the distribution of different alleles at a locus throughout the population.
Within a species, there are normally several geographically separated populations. However, populations are typically not completely isolated from each other. Migration among populations leads to gene flow that counteracts the forces leading to differentiation. Among populations in equilibrium, only one migrant per generation is needed to counteract the effects of random drift, independently of the population size (Slatkin, 1985) . Isolation leads to differentiation and gene flow makes populations more similar. Small, isolated populations are likely to be relatively homogeneous and any genetic variation is likely to occur at the regional scale. Large populations are likely to be more variable, but between populations, variation may be lower. How does this relate to the risk of spreading a root rot disease with spores?
To study the scale at which isolating distances may occur in H. annosum, it is of interest to compare direct and indirect measures of gene flow. Spore dispersal studies indicate that the vast majority of spores fall within a few metres of the fruiting body. Only about 0.1% of the spores trapped at 1 m can be trapped at a distance of 100 m from a point source (Kallio, 1970; Stenlid, 1994) . Over a distance of 100-1000 m, the impact of a local spore source has fallen to a level no greater than the background spore deposition (Möykkynen et al., 1997) . However, given the enormous amounts of spores produced by basidiomycete brackets, there is still a fair chance for some of the spores to travel over large distances. Calculations based on natural spore dispersal gradients show that one spore of H. annosum can land on the stump surface of a normal thinning operation more than 500 km away from its source during the time that such surfaces are susceptible to H. annosum (Stenlid, 1994) . Viable spores have indeed been collected on islands more than 300 km away from any conifers (Rishbeth, 1959; Kallio, 1970) .
Indirect measures of gene flow aim at studying whether differentiation between populations occurs. If there is a strong differentiation, one can infer a lack of random mating between the studied populations. However, lack of differentiation does not necessarily imply gene flow. Two principally different marker systems have been used for this purpose: mating-type alleles and arbitrarily primed DNA. Mating-type alleles were scored using mating tests in Vermont, USA (Chase and Ullrich, 1983) and in Sweden (Stenlid, 1985) . The likelihood of finding the same mating allele was calculated on various geographical distances. Interestingly, when studied on the geographical scale similar to the one used for calculation of likelihood of long-distance spread of spores, a very similar pattern of decline in probabilities was detected ( Fig.  12. 2). The likelihood of finding the same mating type at distances greater than 100 km was about 0.1%, corresponding to approximately 1000 mating alleles present in the whole species, which is a high but not unique figure (Ullrich and Raper, 1974) . Similarly, when studying variation in arbitrarily primed DNA, a differentiation in similarity among populations was seen at distances above approximately 500 km . Later, more detailed studies have shown a limited but significant differentiation (8.8% of total variation in the P-group) between populations in western and eastern North Europe ). An interesting differentiation was detected between northern European S-populations and one from the alpine region in Italy . This coincides with the higher intersterility between the sympatric southern European S-and F-groups compared with the allopatric northern European S-and southern European F-populations (Korhonen et al., 1992 ).
In conclusion, most H. annosum spores are deposited within 100 m of a fruiting body, but the relatively few that are spread long distance are enough to ensure a large-enough gene flow to counteract differentiation at distances less than 500 km. Within a continent, differentiation may be associated with isolating mountain ranges or connected to historical spreading patterns. Gene flow between continents is not likely to be a significant factor.
Individual
The attributes that have been used classically to characterize individuality are genetic homogeneity, genetic uniqueness and physiological unity and autonomy. For a more extensive discussion about individuality, see Santelices (1999) . Among fungi, many individuals lack genetic homogeneity, genetic uniqueness and autonomy (Santelices, 1999) . Genetic homogeneity is absent since many fungal species grow and propagate through autoreplication of genetically identical units, which can survive and function independently. This enables a given genotype (genet) to be exposed simultaneously to various environments, with different probabilities of survival and propagation. Physiologically separate parts of a fungal genet have been called ramets (Brasier and Rayner, 1987) . Separate ramets can, upon contact, anastomose and form a functioning entity. A genet is a discrete package of genetic information that reproduces vegetatively, and could be looked upon as a mitotic line between meioses.
In basidiomycetes, a polygenic, multiallelic system, called somatic incompatibility (SI) or vegetative incompatibility, is present that functions to restrict physiological and genetic access following non-self anastomosis. The significance of SI may be to limit the spread of mycoviruses (Caten, 1972) or maladapted nuclei through a population by maintaining the integrity of fungal individuals (Rayner, 1991) . This system has been studied in some detail in H. annosum (Hansen et al., 1993a, b) . Following fusion of two hyphae, a cell death response may occur in the fusion cell. This response is much stronger in aerial than in submerged mycelium and results in a zone of sparse aerial mycelium. In wood, such interaction zones remain relatively undecayed. In the interaction zone, a complex pattern of interactions occurs (Hansen et al., 1993b) . If two heterokaryotic mycelia interact, four nuclear types can meet transitionally in the same cell. Furthermore, H. annosum heterokaryotic mycelium is apparently composed of small sectors of homokaryotic hyphae, which can re-mate with any other hyphae in the interaction zone, thereby forming new pairwise combinations of nuclei. In wood, such interaction-zone heterokaryons can possibly escape from the interaction zone through the insulating nature of the wood anatomy. Hansen et al. (1993a) also studied the genetic basis for somatic incompatibility in H. annosum. The system is regulated through at least three, possibly more, multiallelic loci. This is in accordance with findings from some other basidiomycetes (Malik and Vilgalys, 1994) . However, in several species of Phellinus, data suggest that the somatic incompatibility is controlled through a single gene (Rizzo et al., 1995) .
By using SI as a marker system for individuality, forest pathologists have been able to study the infection biology and spread of pathogens in natural populations. Some early studies were made in Oregon, e.g. genets of the rootrot fungus Phellinus weirii were shown to infect large groups of trees in natural stands (Childs, 1963) . Another example is the wood decayer, Fomitopsis cajenderi, infecting ice-glazed Douglas fir in Oregon, showing a pattern of several genets entering the top break while only few managed to grow down the stem (Adams and Roth, 1969) . Following the advance in understanding of fungal biology made in the 1970s and 1980s by Dr Alan Rayner and co-workers, a range of fungal species was studied with regards to local population spatial patterns (Rayner and Todd, 1979; Rayner, 1991) . Very large territorial genets have been detected in some tree root-rot fungi (Armillaria spp.: Korhonen, 1978b; Kile, 1983; Smith et al., 1992; Legrand et al., 1996; Heterobasidion annosum: Stenlid, 1985 Piri et al., 1990; Swedjemark and Stenlid, 1993 ; Innonotus tomentosus: Lewis and Hansen, 1991; Phellinus noxius: Hattori et al., 1996; Phellinus weirii: Dickman and Cook, 1989) . Much smaller-sized genets were found in wound pathogens or fungi attacking from the bark (Cylindrobasidium evolvens: Vasiliauskas and Stenlid, 1998; Phomopsis oblonga: Brayford, 1990 ; Phellinus tremulae : Holmer et al., 1994) . In H. annosum, the genets are much larger in old forest sites compared to those sites with a recent history of agriculture Swedjemark and Stenlid, 1993) . At the same time, the relatively intensely managed first rotation stands were hosting a higher number of genets per hectare. These structures indicate a strong influence from diaspores infecting stump tops in the managed forests, and a correspondingly high proportion of root-to-root contact spread in the natural forests.
Summary
Heterobasidion is a well-defined genus of saprotrophic and necrotrophic polypores. In the pathogenic species H. annosum, several intersterility groups exist that are specialized to different species of conifers. Phylogenetic studies based on rDNA variation indicate that at least five, and possibly seven, separate clades occur in the species. Based on morphological differences, the three European intersterility groups -S, specialized as a root and butt rot on spruce; P, a general root and butt rot on pines and other conifers; and F, mainly causing root and butt rot of silver fir -have been described as separate species. At present, the status of the other clades in H. annosum remains unresolved. In contrast to the ITS sequences, enzyme systems with putative adaptive value for host specialization, e.g. pectinases, differ clearly between the European S and F intersterility groups. Most of the spore spread in H. annosum is local but, due to massive diaspore production, the few spores dispersed over long distances counteract population differentiation at distances less than 500 km. However, no significant gene flow between continents can be detected. On the local scale, vegetative spread and infection processes can be followed by mapping the distribution of individual mycelia. Somatic incompatibility, a highly polymorphic recognition system, as well as molecular genetic markers have been used for this purpose.
